Abstract. A new computer-based ELF/VLF system for locating lightning discharges has been developed. Both the arrival azimuths of atmospherics and the distances to their sources are estimated. The direction-finding technique uses the Poynting vector calculated directly in the time domain over the full band pass of the receiver. Both the distance of the lightning discharge and the ionospheric height can be estimated from the phase spectrum of the first-order mode of the Earth-ionosphere waveguide. The latter is approximated with a model function having the distance and the height as the main parameters. Two ways were applied to obtain the spectrum of the first mode: the radial component of the horizontal magnetic field was used, which contains only a minor component of the zeroth mode, or the mode decomposition problem was solved. The system has been used to locate lightning sources in Africa and Asia from a scientific vessel during its voyage in the Atlantic and Indian Oceans in 1991. The overall uncertainties are estimated to be a few degrees for the source bearing, 5% for distance, and 1% for the effective height of the ionosphere; yet these estimates need an additional confirmation by comparison with independent and more exact techniques. It is much more convenient to locate the sources from a single site. Sometimes it is the only possible way, e.g., for a system on board an aircraft or a vessel. In this paper we will be concerned only with single-station techniques.
Some additional drawbacks arise when measuring the azimuth of wideband sources such as lightning discharges with a narrowband receiver. The first is that only a small part of the signal energy is used, and the second is the problem of selecting a proper frequency, because different types of atmospherics have a variety of spectrum shapes so that a universal observation frequency can hardly be found.
A number of DF systems have been proposed with some differences in the way of acquiring the ellipse orientation in the coordinate system connected with two orthogonal loop antennas. Adcock and Clarke [1947] suggested that only the initial part of the signal be utilized for this purpose. This kind of simple time domain processing enables the polarization errors to be reduced, provided the time delay between the direct wave and the wave reflected once from the ionosphere exceeds the processing time of the direction finder. The most commonly used systems [e.g., Krider et al., 1976 ] apply this method.
To derive the source bearing, Leavitt [1975] used Poynting vector measurements performed in the time domain, after the whistler signal passed through a narrowband filter. This method as well as the "full wave analysis" technique proposed by Okada et al. [1977] provide more accurate azimuth measurements, but both were developed for quasi-monochromatic signals like whistlers and therefore cannot be applied directly to wideband subionospheric signals. Burke and Jones [1992] used the three-field component spectra of the ELF atmospherics (5-50 Hz) to construct the Poynting vector and determine the source bearings.
In this paper we propose a new DF technique for ELF/VLF
A group of techniques, called E-H field analysis, uses a relationship between the electric and magnetic components of the near field [Runhke, 1971; Kononov et al., 1986] or frequency dependencies of such components [Korol and Nickolaenko, 1993] . Techniques of this kind in principle are effective for short distances with the upper range limit of the order of 100 km. Sao and Jindoh [1974] derived the distances to distant sources using the delay between the arrival times of ELF and VLF components in the "slow tail" atmospherics.
An atmospheric waveform is a set of multireflected impulses from the Earth and ionosphere. For some signals the reflections are distinguishable enough to obtain the time delays between them. These delays can be used to estimate the distance to the source, especially the delay between the direct wave and one-hop wave [see Leafy, 1968] . Unfortunately, only a small fraction of atmospherics can be treated in this way. Hayakawa and Shimakura [1992] estimated the range to distant thunderstorms using the temporal dependence of the apparent signal frequency in tweek atmospherics. They simulated a pseudosferic having two main parameters: reflection height and distance. A comparison between the two frequencytime dependencies provided estimates of both the model parameters.
A number of techniques are based on the phase spectrum of atmospherics [see Inkov, 1973; Heydt, 1982 , and references therein]. Systems of this kind usually comprise three narrowband filters with equally spaced central frequencies in the band 5-10 kHz. By measuring phases in the channels, the parameter known as the group delay difference (GDD) is obtained, which is supposed to be proportional to the distance. The coefficient of the proportionality is taken from a model simulation. Two problems are inherent in this approach. First is the assumption that the signal comprises a single waveguide mode. This is not adequate in many cases, especially for propagation in nighttime conditions and/or excitation with a nearly horizontal source. The second problem is that the field phase and corresponding GDD value of the first-order mode (supposed to dominate at the frequencies of 5 to 10 kHz) depend substantially on the ionosphere model.
The new distance-finding technique described in this paper also belongs to the phase-spectrum class. To get rid of higherorder waveguide modes, the frequency band is selected between the cutoff frequencies of the first-and second-order modes (1.9-3.2 kHz for nighttime conditions). Interference from the zeroth mode is eliminated by selecting the magnetic field component which is parallel to the propagation direction. This is accomplished by means of three-component field reception (vertical electric and two orthogonal horizontal magnetic components) using the time domain Poynting vector direction-finding procedure, which is described below, followed by the simulated pivoting of the magnetic antennae system. 
Basic Concept of Time

II=f [E(t) xH(t)]dt
The symbol Re is omitted here because the integrand is a real value. Equations (4) and (5) reflect a well-known property of the integrals containing Fourier conjugate functions (Plancherelle theorem).
When the field components are measured at discrete time intervals At, the integral in (5) where KE(to) and KH(OO) are the amplitude versus frequency response characteristics of the E• and H channels, respectively. This definition is more convenient and natural when operating with output voltages rather than fields.
Basic Concept for Distance Finding
First, let us consider a parallel plate and perfectly conducting model of the Earth-ionosphere waveguide. Assuming an impulse •(t) as the source current, the phase of the nth mode of either the transverse magnetic (TM) or transverse electric (TE) type is [Wait, 1962] where Sn = [1 -(n,r/kh)2] •/2, k -2z'f/c is the wave number, kS n is the horizontal component of the wave vector, r is the source-observer distance, and h is the height of the Earth-ionosphere waveguide. Equation (10) is valid when the frequency f exceeds the n th cutoff frequency of the guiding system f• = nc/2h. The S• value is then real.
In practice, one never knows the actual time when a lightning discharge occurred; therefore we will relate the subsequent analysis to the time of the signal reception. In this case, (10) transforms into Fn = krS n -2 z'fr/c = kr( S n -1)
The first propagates. For a perfectly conducting system the phase of this mode equals zero over the entire waveguide (S O -1 in (11)) and is therefore of no use for distance finding.
In the frequency band f• < f < f2(Af•2) the first-order TM and TE modes also propagate. The phase versus frequency dependence of these modes as well as of higher-order modes is determined by the quantities h and r. As we will see in the following, it is possible to obtain the phase spectrum of the first-order mode and match it with the function of (11) 
where h and z are measured in kilometers.
To obtain the exact phase-frequency dependence of a mode for both isotropic and anisotropic models, one should apply the full expressions for the fields of a source. In doing so, the calculated dependence will vary slightly according to the source type.
Measurement of Atmospherics
The experimental data used here were collected on board the scientific vessel Academician Vernadsky during its 42nd expedition through the Atlantic lightning having mainly a horizontal component of current moment rather than vertical discharges. This is the case when a higher-order mode is excited more effectively for frequencies in the vicinity of its cutoff frequency. Such lightning is naturally expected to be cloud-to-cloud or intercloud discharges rather than cloud-to-ground discharges.
On the other hand, such atmospherics exhibit substantial polarization errors. This is seen in Figure 4 , where the spectra of the amplitude and orientation of the Poynting vector P(ro) are presented versus frequency together with the amplitude spectrum of Ez. Each point in the spectra corresponds to a measurement with a narrowband direction finder. The apparent azimuth indicates severe polarization errors, up to 90 degrees or even more at the frequencies where the amplitude of the Poynting vector is small or changes rapidly. The time domain technique proposed above averages the azimuths over the whole frequency band with the weight being proportional to the amplitude of the vector. As a result the polarization errors are substantially reduced.
The most regular frequencies from the viewpoint of polarization errors are the bands below 1.5 kHz or above 7 kHz. Here- The first group consists of signals which originated from distant (1500-3000 km) discharges, and the second group consists of signals from a nearby thunderstorm that could be observed visually. The column marked "Azimuth" contains the azimuth in degrees, determined with full-frequency band TPDF. The next four columns illustrate discrepancies in degrees between the full-band TPDF results and those of the simulated systems.
As seen from Tables 1 and 2 The distribution in Figure 6 indicates two main atmospheric sources: one from the east (Asia) and one from the west (Africa). This is consistent with the centers of global thunderstorm activity [Hayakawa, 1993] . Both the African and Asian centers display the usual diurnal variations of lightning activity with a peak near 18:00 local time (dusk).
The possibility of obtaining diurnal variation information (and eventually annual variation information) is important. Very little information has been published on lightning diurnal variation and almost none for oceanic lightning. 
Application of the Distance-Finding
Decomposition of Atmospheric Spectra
As we indicated above, the H r component is very useful for distance finding since it is free from the zeroth-order waveguide mode. A constraint is that the H r component can be smaller than He, so that the influence of background noises may be more significant. This is why it is useful to decompose the spectrum of the He (or Ez) field component in terms of the zeroth-and first-order modes. Another reason for such a procedure is based on the fact that the different field components correspond to the different types of waves: H r to quasi-TE waves and He and E z to quasi-TM modes. We add "quasi" here because of the possible ionosphere anisotropy. Besides, each wave has its own dispersion, and each field component has its own background noise. So it is useful to compare the distance estimates obtained from the different field components.
The problem of decomposition is an ill-defined problem. When solving it, some additional suppositions should be made concerning the properties of the two complex functions that being added to each other would give the measured spectrum.
We look for the spectral functions which are the most smooth in amplitude. The suppositions about the zeroth-order mode are as follows: (1) 
Discussion and Conclusions
The lightning location system described in this paper allows estimates of both the arrival azimuth of an atmospheric and the distance to its source, which is a lightning return stroke.
The effective height of the reflection level in the ionosphere is an important additional parameter which can be useful in numerous applications.
The direction-finding technique allows the azimuthal distributions of atmospherics to be determined by means of simple time domain processing of three field components. The accuracy of this technique is approximately the same as in enhanced CRDF techniques which use only a small initial portion of the atmospherics. The actual accuracy of the TPDF cannot be exactly measured from the same experimental data and should be the subject of further investigation including a comparison with more accurate location techniques.
Some advantages of the TPDF technique over other tech-
niques are as follows:
1. The TPDF technique is essentially wideband. It uses the spectral components of a signal in an optimal way. As a result it is not sensitive to the variations in spectral composition of atmospherics.
2. The technique is found to reduce polarization errors because it gives an average value over the frequency band.
3. The technique can readily be implemented in real time; only two multiplications and two summations are required for each time sample of the three-component field over the duration of the signal to estimate the source bearing.
4. Unlike CRDF the technique is not sensitive to failures in synchronization with the very beginning of a signal. It is sufficient to start the TPDF procedure before the signal onset. The proposed distance-finding technique enables both the distance from a lightning discharge and the ionosphere height to be estimated. Together with a direction finder it allows the thunderstorm activity to be monitored within a range of several thousand kilometers from a single station.
The distance-finding technique depends only slightly on ionosphere parameters other than ionosphere height. Drastically different models for the ionosphere have a discrepancy as small as 5%. The influence of finite ground conductivity is obviously much less important.
In a simplified version of the technique the h parameter would be predetermined. This accelerates the calculations and makes the distance finding more stable with respect to the noise level. On the other hand, the estimation of the height enables monitoring of the lower ionosphere.
The technique provides height estimates that are as accurate to within about 1% for a single atmospheric and which can be improved by statistical processing of a number of signals.
